Multi-color flow cytometry is a standard laboratory protocol, which is regularly used to analyze tumor-infiltrating immune cell subsets. Oncolytic herpes simplex virus has shown promise in treating various types of cancers, including deadly glioblastoma. Intracranial/intratumoral treatment with oncolytic herpes simplex virus expressing interleukin 12, i.e., immunovirotherapy results in induction of anti-tumor immune responses and tumor infiltration of a variety of immune cells. Multi-color flow cytometry is employed to characterize immune cells in the tumor microenvironment. Here, we describe a step-by-step 11-color flow cytometry protocol to stain tumor-infiltrating immune cells in glioblastoma following oncolytic herpes virotherapy. We also describe a method to identify HSV-1 glycoprotein-B-specific CD8 + T cells using fluorochrome-conjugated major histocompatibility complex multimers. The multimers carry major histocompatibility peptide complexes, which have the ability to interact and bind to T cell receptors present on the surface of T cells; allowing identification of T cells (e.g., CD8 + ) reactive to a desired antigen. This multimer staining can be used in conjunction with the multi-parametric flow cytometry staining. Brain tumor quadrants are harvested, minced, enzymatically digested, immune cells are isolated by positive selection, single cells are counted and blocked for Fc receptors, cells are incubated with dye and/or color-conjugated antibodies, and flow cytrometry is performed using a BD LSRII flow cytometer. The protocol described herein is also applicable to stain immune cells in other mouse and human tumors or in any desired tissues.
BACKGROUND
Cancer immunotherapy using immune checkpoint blockade has recently revolutionized the treatment of various cancers [1, 2] . However, checkpoint blockade immunotherapy has failed to reach its intended goals in a recent Phase III clinical trial in glioblastoma (GBM) [3] , a lethal immunosuppressive cancer with no effective treatment available to date [4] . Oncolytic viruses, e.g., oncolytic herpes simplex virus (oHSV), are an emerging therapeutic approach in the field of cancer immunotherapy [5] [6] [7] [8] and have shown promise in treating cancer patients [9] . oHSV is a new and distinct class of anti-cancer agent, which preferentially infects and kills cancer cells, while sparing the normal cells/tissues, and often [5, 10] . oHSV has been genetically engineered for its oncolytic activity and safety [11, 12] . For example, oHSV T-Vec (talimogene laherparepvec) was recently approved as the first oncolytic virus in the US and Europe for the treatment of advanced melanoma [9, 11] . oHSV treatment of any tumor, including intracranial GBM induces an inflammatory reaction and attracts a variety of immune cells into the treatment site to produce an anti-tumor immune response [13, 14] . Brain tumor inflammation and infiltrating immune cells can be analyzed by multi-color flow cytometry (FC), a commonly used and integral laboratory staining technique in cancer immunology and immunotherapy [15, 16] . This permits a detailed analysis of a complex immune population of cells in a short period of time. The basic principle of FC is that a reaction occurs between an immune cell antigen and an antibody conjugated with a fluorochrome, such as pacific blue, pacific orange, R-phycoerythin, fluorescein, allophycocyanin, etc. The fluorescently labelled immune cell components are excited by the laser to emit light at varying wavelengths, which are measured to determine the amount and type of cells present in a sample [15, 16] . Tens of thousands of cells can be quickly examined and the data gathered are processed by computer software. However, processing tumor tissues and multi-color staining of immune cells involving more than two colors, e.g., 11 colors can be challenging. This is especially true for tumors that are located inside the central nervous system, containing myelin and high level of cell debris, as opposed to tumors located outside the brain or from lymphoid organs, such as spleen, cervical lymph node, bone marrow, etc. [17] . Herein, we describe a simple step-by-step protocol describing sample preparation and 11-color staining of tumor-infiltrating immune cells in a mouse GBM brain tumor model after treatment with oHSVbased immunotherapy. Briefly, brain tumor quadrants are harvested, mechanically dissociated, enzymatically digested, single cell suspension is prepared, CD45 + leukocytes are isolated, single cells are counted and blocked for Fc receptors, and subjected to 11-color FC staining. We also describe a method to identify HSV-1 glycoprotein-B (gB)-specific CD8 + T cells using fluorochrome-conjugated major histocompatibility complex (MHC) multimers [18] . For multi-color staining, the cells are incubated with dye to stain and exclude dead cells from analysis, followed by incubation with color-conjugated antibodies for extracellular staining, fixation in paraformaldehyde, incubation with antibodies for intracellular staining, and FC is performed using a BD LSRII flow cytometer (Fig.  1) . The described method is highly reproducible as demonstrated by several multi-color flow cytometry experiments [13, 19] . The protocol described herein will also be applicable for other mouse/human tumors in the brain and in the periphery. 
Recipes
Fc receptor blocking solution For 10 6 cells, add 1.0 µg anti-mouse CD16/32 antibody in 100 µl DPBS, which is sufficient for one sample. 1% FACS buffer Add 5 ml heat-inactivated fetal bovine serum in 500 ml ice-cold DPBS solution. Mix well and store it at 4°C or keep it on ice while performing the procedure.
Zombie UV reconstitution and preparation of working solution Zombie UV kit (contains lyophilized powder of Zombie UV dye and DMSO) is stored at −20°C in the dark. Before starting step 2, equilibrate the kit to room temperature in the dark (cover with aluminum foil). Add 100 µl DMSO into one vial of Zombie UV dye for reconstitution and mix well by pipetting up and down.
To prepare working solution, dilute Zombie UV dye at 1:100 in DPBS. For example, if there are 20 samples, prepare ~2 ml working solution by adding 20 µl of reconstituted dye into 1980 µl DPBS. Use appropriate amount of reconstituted Zombie UV dye in each sample, e.g., since the surface antibody cocktail is 22.5 µl/sample (see Table 1 ), use 77.5 µl of Zombie UV solution to bring to a total volume of 100 µl per sample (see steps 2.3 and 2.4).
Antibody cocktail for surface antibodies For surface antibodies, see Table 1 .
Antibody cocktail for fluorescent minus one controls Fluorescent minus one (FMO) includes all color-conjugated antibodies except one. For example, surface antibody cocktail for fluorescent minus CD3 (FMO-CD3) will include all colors listed above except 2.5 µl APC/Cy7 anti-mouse CD3ε, i.e., surface antibody cocktail for FMO-CD3 will be 22.5 µl−2.5 µl = 20 µl. Similarly, prepare FMO-CD4, FMO-CD8a, FMO-CD11b, FMO-Ly-6G/Ly-6C, FMO-CD69, FMO-CD152, FMO-CD274 and FMO-CD279. FMO-FoxP3 includes antibody cocktail of all nine surface antibodies listed above (i.e., 22.5 µl) except no use of intracellular FoxP3 antibody in step 3.5. FMO-PE should be included if tetramer staining (i.e., step 4) is incorporated in extracellular staining protocol.
FoxP3 fix/perm buffer working solution (1×) Before the staining procedure (i.e., prior to step 3.1), dilute 4× concentrated FoxP3 fix/perm buffer in DPBS to make 1× working solution. For example, add one-part (i.e., 1 ml) FoxP3 fix/perm buffer (4×) to three parts (i.e., 3 ml) DPBS.
FoxP3 perm buffer working solution (1×) Dilute 10× FoxP3 perm buffer in DPBS to prepare 1× working solution (required in steps 3.3-3.5). For example, add one-part (i.e., 1 ml) FoxP3 perm buffer (10×) to nine parts (i.e., 9 ml) DPBS.
MHC multimer (tetramer or dextramer) staining solution Prepare multimer staining solution by adding 10 µl of fluorochrome (PE)-conjugated MHC-I tetramers or dextramers against HSV-1 gB-specific H-2Kb-HSV-1 gB into 40 µl DPBS per test. Surface antibody cocktail/sample 22.5 µl a Amount listed in this table for each antibody was used to stain 1 × 10 6 cells in 100 µl volume, as per manufacturer instructions. However, from our personal experience, the same listed amount was successfully used multiple times to stain up to 5 × 10 6 cells in 100 µl volume.
PROCEDURE

1.
Harvesting and processing brain tumor samples and magnetic separation of immune cells
1.1.
The whole brain bearing tumor is harvested from a sacrificed mouse in 10 ml ice-cold DPBS in a 50 ml falcon tube.
1.2.
Decant all the content in a cell culture petri dish and excise the brain tumor quadrant around the needle track wound (site of tumor cell implantation) using a scalpel. Transfer the excised quadrant to a new cell culture petri dish.
1.3.
Mechanical dissociation: Cut and mince the brain tumor tissue (tumor size is ~3-4 mm) with scalpel thoroughly for 1-2 min into fragments of about 0.5 mm and smaller.
1.4.
Quickly re-suspend the minced tissues in 5 ml ice-cold DPBS and transfer all the contents to a 15 ml falcon tube. Keep the tube on ice.
1.5.
Spin samples at 1500 rpm (or 400× g) using Sorvall ST 16R (Fisher Scientific, Waltham, MA) for 5 min at 4°C. Carefully decant off the supernatant to a new falcon tube labeled as "waste".
1.6.
Enzymatic dissociation: Add Accutase (1 ml/tumor quadrant) + DNase I (10 units/ml; to avoid cell clumps) into the tube, re-suspend the pellet using 2 ml pipet, and incubate the solution for 10 min in 37°C digital water bath (Thomas Scientific, Swedesboro, NJ).
1.7.
Gently triturate the solution with 2 ml pipet (3-5 times; it will make the remaining tissue pieces even smaller) and add 1% FACS buffer to the tube to a volume of up to 10 ml.
1.8.
Transfer and pass this 10 ml cell suspension through a 40 micron cell strainer sitting on top of a new 50 ml falcon tube. Pass another 10 ml ice-cold DPBS through the strainer (in order to wash off any cells that may remain attached to the strainer), which brings a total volume of 20 ml single cell suspension.
1.9.
Spin at 1500 rpm (or 400× g) using Sorvall ST 16R for 5 min at 4°C. Carefully decant off the supernatant to the waste tube. Re-suspend the cell pellet in ice-cold DPBS (1 ml DPBS/tumor quadrant) and count the total number of live cells present in single cell suspension.
1.10.
Once single cell suspension is prepared, use MagniSort Mouse CD45 Positive Selection Kit (Cat. # 8802-6865, Invitrogen) to isolate CD45 + leukocytes. To do that, follow 'Experimental Procedure Steps # 1-10' described in Invitrogen Cat. # 8802-6865. After positive selection, live cells are counted and purity is determined.
1.11.
Transfer appropriate number of cells from each sample into new 1.7 ml tubes, including cells for FMO controls (see Notes 3 and 4 in step 1), and proceed to step 2.
TIPS/HINTS:
(1) Perform the whole procedure at 4°C or on ice, except enzymatic digestion step; (2) Step 1 6 cells/sample × 16 samples = total 8 × 10 6 cells), divide them equally into 10 separate 1.7 ml tubes, and use them for the preparation of FMO control for each individual color (except Zombie UV dye). As an example, fluorescent minus CD3 means staining cells with all colors except APC/Cy7 anti-mouse CD3 [13] . FMO control is especially helpful to identify a specific cell population in a given sample during computer analysis of flow cytometric data; (4) When a high volume of samples (i.e., 50 to 100) are included in an experiment, the following staining procedure (described in steps 2-4) can be performed in a round bottom 96-well plate, instead of 1.7 ml tubes.
CRITICAL STEP:
Step 1.3 is critical, because proper mechanical dissociation will determine the efficiency of enzymatic dissociation (in step 1.6) and result in obtaining a maximum number of single cells at the end of the procedure.
2.
Blocking Fc receptors, Zombie UV staining (to exclude dead cells) and surface staining 2.1. Spin down the cells (prepared in step 1.11, i.e., 16 sample tubes and 10 FMO controls for 10 antibodies) at 1800 rpm using Sorvall Legend Micro 21R Microcentrifuge (Fisher Scientific, Waltham, MA) for 5 min at 4°C. Carefully decant off the supernatant.
2.2.
Re-suspend the cell pellet in 100 µl DPBS/Fc receptor blocking solution and incubate cells on ice for 10 min. Spin down and remove supernatant.
2.3.
Add appropriate amount of Zombie UV dye to each tube. Re-suspend and incubate cells for 15 min at room temperature.
2.4.
Add appropriate amount of antibody cocktail to each tube to bring to a total volume of 100 µl per sample. Re-suspend the pellet and incubate in the dark for 20 min at room temperature.
2.5.
Add 100 µl FACS buffer to each tube and mix gently. Spin down and remove supernatant.
2.6.
Repeat step 2.5 one more time and proceed to fixation and intracellular staining. 
TIPS/HINTS
3.2.
Wash once with 100 µl FACS buffer. Spin down and discard the supernatant.
3.3.
Add 100 µl FoxP3 Perm buffer, re-suspend the pellet, and incubate cells in the dark for 15 min at room temperature. Spin down and discard the supernatant.
3.4.
Again add 100 µl FoxP3 Perm buffer to each tube and re-suspend the pellet.
3.5.
Add appropriate amount of intracellular FoxP3 antibody (i.e., 2 µl or 1 µg from 0.5 mg/ml stock for 1 × 10 6 cells in 100 µl volume, according to manufacturer instructions) to each tube except fluorescent minus FoxP3 tube (FMO-FoxP3) and incubate in the dark for 30 min at room temperature. Spin down and discard the supernatant.
3.6.
Wash two times with 100 µl FACS buffer. Spin down and discard the supernatant.
3.7.
Re-suspend the pellet in 400 µl FACS buffer and store the samples in the dark in ice until analysis in a flow cytometer (e.g., LSRII; BD Biosciences, San Jose, CA) using appropriate instrument settings.
TIPS/HINTS:
Pellet may appear translucent and can be loose, so do not apply aspirator for removing waste supernatant.
NOTES:
(1) This multi-color staining procedure requires single color compensation controls before running each individual sample in a Flow Cytometer. Follow eBioscience "Protocol: UltraComp eBeads" described in Cat. # 01-2222 for the preparation of single-color compensation controls for each individual color, except for Zombie UV. For Zombie UV compensation control, stain isolated immune cells by adding 100 µl Zombie UV working solution, followed by wash once with 100 µl FACS buffer, fix cells and wash with FACS buffer, and re-suspend the cells in FACS buffer. Maintain Zombie UV sample on ice in the dark until run in a Flow Cytometer. To save time, prepare Zombie UV single-color compensation control simultaneously while preparing other samples in step 2 and step 3. Prepare other 10 single-color compensation controls that require beads during 30 min incubation period in step 3.5; (2) Analyze samples as soon as the staining procedure is completed. However, conjugated colors in fixed samples can remain stable even for a week after staining, if they are maintained at 4°C in the dark.
CAUTION:
The 4× concentrated FoxP3 fix/perm buffer (Cat. # 421401) contains paraformaldehyde, which is toxigenic and mutagenic. So, handle this solution with care wearing gloves, lab coat and face mask.
CRITICAL STEP:
Continuous presence of FoxP3 Perm Buffer from steps 3.3 to 3.5 is critical to maintain the cell permeability to intracellular antibodies.
4.
Tetramer staining to determine antigen-specific CD8 + T cells (an optional step during surface staining in step 2)
NOTES:
While the extracellular and intracellular staining can be utilized to differentiate immune cell subsets, detection of antigen-specific T cells can be imperative to evaluate the effectiveness of oHSV therapy. Tetramer staining can be utilized to determine whether oHSV therapy can produce viral antigen and/or tumor antigen-specific T cells. Here, we describe tetramer staining for HSV-1 glycoprotein B (gB)-specific CD8 + T cells after treating tumors with oHSV. Below are the steps that can be followed to successfully integrate tetramer staining in the extracellular flow cytometry staining protocol.
4.1.
Follow steps as described above till step 2.3, and then continue as below.
4.2.
After step 2.3, spin samples at 1800 rpm, 5 min at 4°C. Gently decant off the supernatant.
4.3.
Re-suspend each sample in 50 µl of tetramer solution and incubate samples in the dark for 45 min at 4°C. Spin down and remove supernatant. [20] . For example, if protocol involves C57BL/6J mice, use multimers with H2-Kb or H2-Db but not H2-L haplotypes. A complete list of MHC haplotype matches for each mouse strain can be found here [21] ; Multimers are most often used to identify T-cell populations in conjunction with the anti-CD8 and anti-CD4 antibodies. Both anti-CD8 and anti-CD4 antibodies can affect tetramer staining [20] . Therefore, it is recommended that cells should be stained with multimer before staining with other extracellular antibodies.
ANTICIPATED RESULTS
This manuscript mainly focuses on describing step-by-step protocols of brain tumor sample preparation and 11-color staining that should be applicable to any given multi-color compatible flow cytometer. Because different Flow Cytometry cores employ different types of flow cytometers and since each flow cytometer has different instrument settings to analyze samples, detailed flow cytometric analysis is not included in this manuscript. However, the excitation/emission wavelengths and filter set used for each fluorophore is shown in Table 2 , which will help the readers in designing multiplex flow experiments. Because this multi-color FC protocol involves single-color compensation controls and appropriate FMO controls for each individual color, any given number of samples can easily be compensated and analyzed in a Flow Cytometer using appropriate instrument settings (e.g., FSC/SSC settings and fluorescence detector voltages; see Table 3 ), as we demonstrated previously [13, 19] . An example of sequence and gating for multi-parametric FC (e.g., 10-color) of individual cell subtypes can be seen in Saha et al. [13] . Inclusion of FMO control for each individual color in multicolor FC helps to separate any specific type of immune population from a pool of immune cells during flow cytometric analysis (see an example in Fig. 2) . Inclusion of tetramer staining before extracellular staining procedure can lead to successful detection of HSV-specific CD8 + T cells infiltrated into the tumor (Fig. 3) . ; and (4) reduction of GBM tumor cells [13, 19] . This multiparametric FC protocol is reproducible, as we demonstrated previously for brain tumors [13] , melanoma [18] and spleen [19] . We anticipate that this strategy should be applicable to study antitumor immune response to other tumors in the brain and in the periphery after other oncolytic virotherapy or other forms of immunotherapies.
TROUBLESHOOTING
Possible problems and their troubleshooting solutions are listed in Table 4 . 
